We propose a network rebonding model for light-induced metastability in amorphous silicon, involving bonding rearrangements of silicon and hydrogen atoms. Nonradiative recombination breaks weak silicon bonds and generates dangling bond -floating bond pairs, with very low activation energies. The transient floating bonds annihilate, generating local hydrogen motion. Charged defects are also found. Support for these processes is found with tight-binding molecular dynamics simulations. The model accounts for major experimental features of the Staebler-Wronski effect including electron-spin resonance data, the t 1͞3 kinetics of defect formation, two types of metastable dangling bonds, and hysteretic annealing. DOI: 10.1103/PhysRevLett.88.205502 PACS numbers: 61.43.Dq, 71.55.Jv, 78.30.Ly Hydrogenated amorphous silicon (a-Si:H), a material with several technological applications, suffers from the well-known light-induced degradation or the StaeblerWronski (SW) effect. Since its initial discovery [1], the basic scientific understanding of light-induced degradation has been intensively studied [2] . In the SW effect, illumination of the material generates metastable silicon dangling bonds with midgap electronic states between 10 16 10 17 cm 23 that degrade the transport properties and decrease solar cell efficiencies. The metastable defects can be annealed out at temperatures between 170 200 ± C. Despite extensive experimental characterization, the microscopic origin of the SW effect is still debated.
Hydrogenated amorphous silicon (a-Si:H), a material with several technological applications, suffers from the well-known light-induced degradation or the StaeblerWronski (SW) effect. Since its initial discovery [1] , the basic scientific understanding of light-induced degradation has been intensively studied [2] . In the SW effect, illumination of the material generates metastable silicon dangling bonds with midgap electronic states between 10 16 10 17 cm 23 that degrade the transport properties and decrease solar cell efficiencies. The metastable defects can be annealed out at temperatures between 170 200 ± C. Despite extensive experimental characterization, the microscopic origin of the SW effect is still debated.
Since H motion becomes important near defect annealing temperatures, H motion has been associated with defect annealing. A conclusive resolution of the atomistic mechanisms of the SW effect will have far-reaching implications for improving the stability and efficiency of solar cells and in resolving many conflicting experiments. The understanding of metastability will be of fundamental importance to glassy systems with light-induced changes.
Electron-spin resonance (ESR) of a-Si:H demonstrated that the metastable dangling bonds (DBs) are separated by 40 Å and are indistinguishable from the native DBs [3, 4] . Hence the simple breaking of a weak silicon bond with two nearby DBs is not viable. Spin-echo measurements indicate that no H atoms occur within a region of ϳ4 Å around the DB, i.e., an anticorrelation between DB and H. Measurements [5] [6] [7] of mobility-lifetime (mt) products infer multiple species of metastable defects with different annealing energies and electron capture cross sections. Metastability has been observed at 4 K temperatures [8] . Branz proposed the H-collision model [9] , where the breaking of Si-H bonds, and subsequent diffusion and collision of H, leads to isolated silicon DBs. We propose a distinct new model of the SW effect that unifies several puzzling observations and has rearrangements of the Si network as the essential ingredient. This model has analogies to the H-collision model.
We propose that metastability occurs in three steps: (i) Illumination creates photoexcited electrons and holes. Nonradiative recombination of e-h pairs can break a weak silicon bond and generate a dangling bond -floating bond (FB) pair, analogous to a vacancy-interstitial pair in c-Si.
(ii) The mobile FB diffuses away from the location of the DB. (iii) Migrating FBs recombine or annihilate, accompanied by local H rearrangement. Weak silicon bonds are then broken and DBs are created at spatially separated parts of the network. Our detailed calculations support the earlier proposals of Pantelides [10] on the bond-breaking step and formation of FBs. However, our final results for the metastable state are very different.
We find that nonradiative recombination of an e-h pair can break a weak silicon bond. A weak silicon bond (c-d in Fig. 1 ) can stretch and create a dangling bond on site c. Site d forms a new bond with site x (d-x). Site x is now five-coordinated but d remains four-coordinated. The Frenkel pair of DB and FB is separated by more than 4 Å and stabilized, ͑Si c 2 Si
The energy barrier to break the weak Si bond has a low value of ϳ0.85 eV for the ground state of the electronic system [ Fig. 1c] , similar to the measured activation energy for defect creation [11] . This barrier is much lower than the ϳ2 eV to break a silicon bond, since the energy cost in breaking bond c-d is compensated by the energy gain in simultaneously forming bond d-x. Calculations utilized tight-binding molecular dynamics that has been very successful for a-Si:H [12] .
Nonradiative e-h recombination provides a very low energy path for bond breaking. A weak bond (WB) (e.g., c-d) can easily trap a hole in a band-tail state. A mobile photoexcited electron can be trapped in the vicinity of this hole. The energy barrier for bond breaking in this excited e-h (exciton) state is remarkably lowered to ϳ0.35 eV As the weak bond stretches, the antibonding level lowers in the gap, reducing the barrier similar to a recent calculation [13] . As the WB breaks, the levels cross and both electrons switch to the lower FB level in the valence band tail in the final state [right side of Fig. 1d ]. The metastable DB-FB pair has an energy within ϳ0.2 eV of the initial weak bond state, confirming the earlier proposals on FBs [10, 14] .
In our models, stretched or distorted Si bonds do not occur in the proximity of a H atom, since the reduced structural constraints at a Si-H site allow the network to be locally more relaxed. Si atoms with large bond-length or bond-angle deviations are a third or farther neighbor from any H. Breaking such WBs produces DBs that are anticorrelated with H and .4 Å away from H. This is a natural explanation of the spin-echo measurements [3, 4] .
We observed several occurrences of weak silicon bond breaking and generation of DB-FB pairs (Fig. 2) , where the initial state had no coordination defects. The energy of the final DB-FB final state and the ground state energy barrier [15] decreases with the Si-bond length (Fig. 2) . Statistically, bond lengths elongated more than ϳ0.25 Å are needed for this process to be energetically favorable. Additionally, adequate volume must be available around the weak bond for the Frenkel pair to be spatially separated.
The second step in defect creation is the migration of the FB. If the created DB and FB recombine, no defects are created. The time for the FB to hop to the next site provides an additional time scale for defect creation. Migration of FBs involves the switching of a bond, without the diffusion of Si atoms. We observed such FB migration events in molecular dynamics simulations on a-Si:H. Atomic displacements during this FB migration process range between 0.2 0.9 Å, far less than displacements (.2 Å) for atomic diffusion.
As mobile FBs migrate the common process is annihilation, where a FB can recombine with an existing Si DB, converting it to a four-coordinated site ͑Si 3 1 Si 5 ! Si 4 -Si 4 ͒. The frequent FB annihilation process occurs when a migrating FB is close to one of the abundant SiH bonds in the network [ Fig. 3(a) ]. The H moves into the FB site, converting it to a four-coordinated site and a new SiH bond [ Fig. 3(b) Fig. 3 ) and the H of more than 4 5 Å, consistent with the ESR data. We have found several final configurations with two spatially separated DBs, where the energy difference of the initial and final configuration (e.g., Fig. 3 ) is less than 0.5 eV. The local motion and rebonding of the H distinctly differs from long-range H motion in the Hcollision model [9] . A weaker annihilation channel is when two migrating FBs are in close proximity and annihilate we assume that the breaking of weak Si bonds and the consequent production of DBs are controlled by the recombination of e-h pairs or the np product at room temperature. 
We also include a light-induced annealing term (D 0 N m G) proportional to the light intensity (G) and a subsidiary equation describing the density of locally displaced H (N m ). These rate equations are mathematically similar to the H-collision model [9] since FBs are the analog of mobile H. We have numerically integrated these rate equations with a fourth order Runge-Kutta algorithm. The kinetics of DB formation is very well described by a t 1͞3 power law. As in experiment [16] the DB density saturates at long times (Fig. 4) between 10 16 10 17 cm 23 , with a value dependent on the light intensity. The FB density initially rises, then falls as the recombination with H becomes significant and N f finally saturates near 10 15 cm 23 , much smaller than the DB density, similar to alternative FB models [14] .
The rate coefficients used (Table I) were guided by previous simulations [9] and experiments [2] . The product k w N w is the SW rate constant C sw that has been experimentally estimated [9] to range between 10 100 cm 23 s. [7] . D 1 defects have a large electron capture cross section acting as primary recombination centers, and cause large changes in the mt product. The degraded state has a large density of D 0 and a small but equal density of D 1 and negatively charged FBs, supporting observations of charged defects [6] . The D 0 and D 1 may be identified with the two types of defects inferred in recent mt experiments [5] [6] [7] . The steady state defect density and the optical absorption (a) are then dominated by the neutral DB (D 0 ) (Fig. 3) . We propose that the hysteresis in defect annealing arises from a novel two-step mechanism. First, DBs become mobile at the lower annealing temperature. Negative FBs 2 diffuse and annihilate with D 1 defects. Annealing of charged defects creates a small decrease in the total defect density or absorption a, but creates a large increase in mt, explaining the first part of the observed annealing. Second, at a slightly higher temperature, the displaced H begin to diffuse and reduce the remaining large density of neutral DBs, substantially reducing a but only slightly decreasing mt. This model consistently describes, for the first time, the hysteresis of the anneal and the multiple species of defects. Our simulations suggest a lower energy barrier for FB migration than for H motion, and activated computational methods [17] may be necessary for quantification.
At low temperatures (T ϳ 4 K), where the SW effect is still observed [8] , FB mobility and the FB-H interaction may be small (reduced C 1 ). The kinetics from (1)- (4) lead to larger values of saturated FB densities ͓͑2 7͒ 3 10 15 cm 23 ͔ than in Fig. 3 , together with a small decrease in N sat db . We then predict a larger density of charged DBs (D 1 ) , coupled with FB 2 at low temperature, which would be different from room-temperature light soaking.
In summary, metastable defect creation is driven by the breaking of weak silicon bonds and the rebonding of both silicon and H sites. FBs are a transient defect species in this model that should be inhibited in better-ordered samples. Long-range H motion is not required in the defect creation process although it is involved in annealing. This mechanism should be valid in other amorphous semiconductors, where overcoordinated defects can exist, such as amorphous germanium or a-SiGe alloys. This new model provides a platform for unifying many unresolved observations of light-induced degradation in amorphous and microcrystalline silicon including charged defects.
